Natural nonhuman primate hosts of SIV do not succumb to AIDS despite significant viral replication, a phenomenon attributed to reduced levels of chronic and deleterious "immune activation." Two studies in this issue of the JCI, by Bosinger et al. and Jacquelin et al., now show that SIV induces vigorous immune activation and upregulation of IFN-stimulated genes in both natural and susceptible hosts, but strikingly, the responses resolve only in the former (see the related articles beginning on pages 3556 and 3544, respectively). Thus, natural hosts for SIV actively engage mechanisms to abort sustained immune activation and its associated harmful effects.
Chronic, generalized immune activation is believed to advance the pathogenesis of progressive HIV and SIV infection (1, 2) . The phenomenon, observed in humans and in susceptible strains of monkeys (e.g., rhesus macaques [RMs] ), is associated with ineffective control of virus replication; accelerated apoptosis and turnover of T and B lymphocytes; increased levels of T cells expressing markers of activation and proliferation (e.g., CD38, antigen identified by monoclonal antibody Ki-67 [MKI67]); and elevated serum levels of proinflammatory cytokines including type I IFN (reviewed in ref. 2 ). Of significance, the level of immune activation in the early phase of HIV-1 infection is prognostic of disease outcome. In contrast, SIV infection in natural hosts (e.g., African green monkeys [AGMs] and sooty mangabeys [SMs] ) is nonpathogenic despite persistent viral replication, possibly because they do not develop features of chronic immune activation (3) .
Although the etiology of immune activation is multifactorial, it is generally thought that chronic high levels of type I IFN and proinflammatory cytokines are central to its maintenance. Type I IFN, in particular, besides upregulating IFN-stimulated genes (ISGs) and inducing an antiviral state, contributes to generalized activation of lymphocytes and NK cells, exhaustion and apoptosis of T cells, defects in thymopoiesis, maturation of immature DCs, and aberrant hematopoietic stem cell proliferation (reviewed in ref. 4) . Diminished production of IFN-a by plasmacytoid DCs (pDCs) due to mutations in the transactivation domain of IFN regulatory factor 7 (IRF7) has been postulated to account for the nonpathogenicity of infection in natural hosts (5) . However, natural hosts mount anti-SIV T cell responses not dissimilar to RMs (6), maintain normal CD4 + T cell homeostasis in blood, and have evidence of strong type I IFN responses that subsequently resolve (7) . Thus, it remains unresolved whether the lack of sustained immune activation is due to a general attenuated response to infection, or to induction of regulatory mechanisms that suppress immune responses generated during the acute infection.
Evidence of immune activation in natural hosts of SIV
In this issue of the JCI, Bosinger et al. (8) and Jacquelin et al. (9) evaluate the role of declining immune activation in the control of progressive disease in natural hosts of SIV. The transcriptional host response to SIV infection from the initial infection to the chronic phase was measured in SMs and AGMs (infected with SIVsmm and SIVagm, respectively) and compared with that in SIVmac239-infected RMs using high-throughput microarrays. Evaluating whole blood, lymph nodes, or CD4 + T cells from each source, both studies documented a strong antiviral response early after infection in all species, characterized by upregulation of numerous transcripts associated with innate and adaptive immune responses (e.g., pattern recognition receptors), chemokines, antiviral restriction factors, and a large number of ISGs. Secreted IFN-a was detectable in plasma at the time of peak viral load in AGMs. Thus, the acute phase of pathogenic and nonpathogenic SIV infection is characterized by an integrated, strong antiviral response with clear evidence of intact type I IFN production, contrary to published reports (5) but consistent with recent studies in AGMs (7) . However, the transcriptional profile in the chronic phase of infection differed significantly, the expression of the highly upregulated ISGs being downregulated to baseline in AGMs and SMs. In RMs, chronic infection was characterized by not only persistent expression of ISGs, but increased expression of markers associated with cell activation and proliferation (e.g., MKI67, CD38, chemokines, cell cycling genes) and CD8 + T cell exhaustion (e.g. 
Factors underlying resolution of immune activation during chronic infection
Authors of both studies (8, 9) invoke the induction of regulatory mechanisms to explain the resolution of immune activation in SIV-infected natural hosts versus SIV-infected RMs. For example, AGMs induce IFN and ISGs more rapidly than RMs following infection, perhaps effectively containing viral replication (7) (8) (9) . Acutely, SIV-infected SMs had higher levels of the tryptophan-depleting enzyme indoleamine 2,3 dioxygenase (IDO) than RMs (although this was not the case in AGMs), as well as ADAR (an adenosine deaminase that suppresses ISG expression), host restriction factors, and antiapoptotic regulators ( Figure 1 ). One month after infection, the expression of defensins, cysteine-rich cationic peptides with antimicrobial activity, was augmented. During the transition to the chronic phase, there was increased expression of the immune-suppressive cytokines IL-10 and TGF-b in AGMs (9), as previously noted (10), as well as of LAG3, a marker associated with CD4 + Tregs. In contrast, the sustained immune activation of RMs was accompanied by higher levels of cell cycle genes, MKI67 + T cells, apoptotic genes (e.g., TNF-related apoptosis-inducing ligand [TRAIL]), and T cell-homing chemokines in the LN, suggesting local sequestration and perpetuation of inflammatory responses. Thus, mechanisms that limit susceptibility to virus infection (i.e., rapid ISG and viral restriction factor production) and immunosuppressive responses (e.g., IL-10, TGF-b, Tregs) may be critical in protecting natural hosts against pathogenic infection.
Both studies rule out desensitization of IFN-a-producing cells to SIV or IFN-a itself as a cause of reduced immune activation (8, 9) . Circulating cells from chronically infected SMs or AGMs remained sensitive to IFN-a and upregulated ISGs, even at low doses of IFN-a. Furthermore, Jacquelin et al. (9) showed that cells from uninfected AGMs and RMs, as well as chronically infected AGMs, were able to secrete IFN-a upon in vitro stimulation by autologous virus. Nevertheless, it is possible that pDCs in inflammatory sites such as LN, where viral loads are high, could become selectively desensitized, which would explain the persistent viral replication in natural hosts despite the absence of ISG induction. Alternatively, subtle differences in the amplitude and 
ing (PD-1-expressing) CD4 -(CD8 + ) T cells in LNs of SIV-infected SMs may also downregulate immune activation (12).
Lessons from natural hosts for HIV vaccine design and therapy Natural hosts for SIV, unlike RMs and HIV-infected humans, seem to rely less on adaptive immune responses to control disease pathogenesis (13) . Nevertheless, the natural host models inform us that stimulation of specific protective innate (in addition to adaptive) immune responses early, combined with suppression of sustained systemic immune activation, may be key to preventing disease progression in HIVinfected humans. This could involve targeting APCs, e.g., pDCs, primary producers of type I IFN with the inherent ability to present viral antigens to T cells. HIV induction of IFNs by pDCs, which is TLR mediated (14) , is accompanied by IDO-dependent induction of Tregs, which limit T cell proliferation and bystander activation of DCs (15) . Adjuvants that take advantage of this property (e.g., synthetic TLR agonists) could be tested. On the flip side, TLR antagonists may limit chronic, HIVinduced IFN production or TLR-mediated stimulation of gut or blood DCs by gut microflora or via microbial translocation, respectively (Figure 2) . Nevertheless, the postulated central role of type I IFN in perpetuating immune activation can now be directly tested in chronically infected RMs using neutralizing antibodies or pharmacological inhibitors of the TLR/IFN pathway ( Figure 2) (16) . Likewise, chronically infected AGMs or SMs could be administered type I IFNs to determine whether infection becomes pathogenic in an environment of high ISG expression.
Certain NK cell receptors are associated with slower HIV-1 + disease progression: coexpression of HLA-Bw4 alleles and KIR3DL1 allotypes confers a protective advantage (17) . NK cells may have direct cytolytic activity upon virus-infected cells or be directed through antibody-dependent cell cytotoxicity (ADCC) to eliminate target cells. The in vivo efficacy of the HIV-1-neutralizing antibody b12 is largely mediated by its Fc component, implicating ADCC in its effectiveness (18) . As NK cell activity may be higher in uninfected or infected SMs versus RMs (19) , study of the NK cell functional repertoire, FcR polymorphisms, and the contribution of the breadth and neutralizing capacity of antibodies toward SIV in natural hosts is necessary. Members of the innate immune system with otherwise compromised function in pathogenic hosts (gdT cells) also require further evaluation.
The altered balance of Th and regulatory T cell subsets in chronic HIV infection contributes to disease progression, Th17 being crucial for controlling microbial dissemination in the gastrointestinal tract and Tregs being important for preventing excessive immune activation and gut damage. Given that microbial translocation does not occur in natural nonhuman primate hosts, these mucosal defense pathways are likely to be intact (20) . The pathways for Th17 and Treg differentiation are complex and interrelated, but experimental manipulation of their differentiation is possible (21) .
Study of natural hosts of SIV has yielded important new information regarding resistance to pathogenesis. Further studies are now warranted to yield an integrated picture of the immune regulation occurring in natural hosts, but one will probably need to target multiple points to counteract the Repeated exposure to stress may favor, both in experimental animals and in humans, an increase in blood pressure, leading in some instances to a true hypertensive state. It is thought that stress-induced hypertension is mediated by sympathetic nervous system activation that in turn, by exerting vasoconstrictor effects and increasing heart rate (and thus cardiac output), may promote the development and progression of the hypertensive state. A new study by Beetz and colleagues in this issue of the JCI, which reports the results of experimental studies carried out in both mice and humans, reveals the potential role of the phosducin gene in modulating the adrenergic and blood pressure responses to stress (see the related article beginning on page 3597).
